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EXPERIMENTAL STUDY OF SURPACE SOLVATION IN DEVELOPING
A IATHEKATICAL THEORY OF STABIE LYOPHILIC GOLI.O]:DS1

(Anomalous properties of thin 1iquid layers. v2

B. Deryagin and M. Kusakov

Bulletin of the Academy of Sciences USSR, Section of
~ Mathematical and Natural Sciences, 1937, 1119-1152

Current concepts of surface and colloidal particle
solvation are critlically reviewed, as are methods for
studying such phenomena. This is followed by a new
quantitative procedure for determining solvation,
which relates it to the dis joining erfoof of thin
layers of liquids discovered and studied in previous
reports of this series.

In the present report, a new, more convenient method
is described for measuring the thickness and disjoining
effact of thin layers, for the case where these are
boundary layers between a lyophilic. 301id and a gas
bubble. |

Purther observations are reported on the nonequi-
1ibrium state of such wetting rﬂu.

Experimental data are given which establish an
equation for the state of a solvate layer expressing
the equilibrium pressure (dis joining action) of this
layer as a function of layer thickness, for both '
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aqueous and nonaqueocus media.

Thg offect of electrolytes on tﬁe thickness h of
a solvate film 1s described, as well as the effect of
surface-active substances on a vaseline oil film
solvating the su:raco qf steel. ‘

A theory of micelle interaction is given which
takes account of the disjoining effect produced by
thin layers of the dispersion medium soparating
adjacent surfaces.

Finally, these last calculations are used to develop
a theory of slow coagulation and stability of colloids
in disperse systems. '

1. Introduction
In surface solvation of colloidal particles, as ;t is genersally

understood, such particles are 'bound' by the surfaces of adjoining

layers in a liquid dispersion medium. This concept is used consistently
to explain the more important propsrties of lyophilie colloids =~ among

these, so basic a property as aggregative stability (Ref. 1) in the

sol state.

The solvation concept tims appears to be one of major significance,

yet it still lacks a firm basis, in rigorously verifled experimental
observations. Moreover, it hss never been given a preclse physical
definition and therefore remains vague. In fact, different authors

have attributed widely differing meanings to this concopt;

If the situation is unsatisfactory, the principal reason why this 1s
80, as we see it, 1s that up to the present time there has been practi-
cally no attempt made to use a direct oxperimentai approach, in a study

concerned specifically with the properties of solvate layers formed on

2
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macrosurfaces., As a result, there has been a tendency to obtain infor-
nation regarding these prOportios by studying the gonoral, rather than
" specifie, - bohavior of eollolidal systems.

- The situation is reversed, and far more satisfactory, in electro-
kinetiocs. It is nainly for this reason that the proportioa of lyophobie
colloidl havo been euccoasruly intorprotod in the light of electrokine- |
tie phononona.

"The entire vast litorﬂﬁuro ;n solvation of colloids‘indiontoa that
studying lyophilic oolloidjl systems as a whols does not lead to any
nnambiguoui and reasonably accurate conélnsions as regards thicknosa,
structure and properties of solvate layers. Such concluaiéns<oou1d not
be derived from theory alons, even where an adequate theoretical basis
exists. An Einstein formula is gv:ilable, to cite one instance, for
estimating the quantity of dispersion medium participating 1nuﬁhg
motion of particles from measuremants of sol viscosity. Yet in 25 years
since the first uttemﬁts in this direction not enough definitive data
have been obtained on the thickness of solvate layers in lyophilie
systems., ( A -

The ssme can be sald of the various methods for studying bound
water in hydrophilic colloids (Ref. 3). If the results of such studies
are difficult to interpret, the principal hindrance is lack of infor-
mation. The total surface of dispersed particles, in lyophilic systems,
is usually unkﬁgwn; nor do we know the exact proportion of the liquid
bound inside the micelles. Still, studies of bound water (also, of vis-
cosity) in lyophilic systems give valuable indicatlons as to the nature
of chahgea in volumetric properties of llquids taking place in the
solvate layers of a micelle-bound dispersion yediun... 

Nevertheless, the study of colloids, especially the lyophils, calls
with increasing urgency for oxact,inrormation on the thickness and
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properties of solvate layers. Such information i1s most essential in
developing a quantitative theory of colloid stability. These much
needed data have not been made available, howsver, nor has the very
concept of solvation been clearly defined. As a consequence, attempts
at explaining some of the basic properties, above all the stability of
colloids, amount to 1little more than vague verbiage, for the most part
devoid of exact physical meaning. A case in point is the concept first
proposed by Bungenberg de Jong (Ref. ), and later so generally accep-
ted that it has been introduced into some textbooks on colloidal
chemistry (Ref. S). According to de Jong, the diffusivity, or washout,
of a solvate transition layer can be the sole factor determining the
aggregative stabillity of lyophilic systems, since 1t eliminates adhe-
sive forces. No sound basls for this proposition has ever been sugges-
ted by anyone. The 1dea, rather nebulous to begin with, i3 in fact
incorrect, as will bes shown below (see Section 8). A simple mathemati-
cal computation makes 1t evident that the washout of a soclvate layer,
far from contributing to the stability of a colloidal (or a dispersed)
system, will in effect lower this property.

One more rather common misconception should be clearsd up, 1if our
problem ia to be correctly posed, before we go on to the desoription of
methods developed by us for investigating solvate layers. DifferQnt
investigators have taken one or another property as the basis for
characterizing solvate layers and their thickness. As a result, they
have arrived at widely divergent thickness values. And this is not all.
The exact meaning of 'thickness'! should be méro closely defined. It
would seem more logical, in this case, to speak not of solvation in
general but of "specific properties” and manifestations characterizing
solvate layers, which depend on the surface upon which these layers

have been formed. It must be kept in mind (Ref. 6) that the effect of
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separation surface may vary from one property to another, in its scope
of penetration into the depth of the 1iquid; hence, different proper-
ties ocan be localized in layers of unequal thickness. Finally, the
thickness itself depends on the particular criterion (degree of deviat-
ion) used to determine whether a given portion of the liquid belongs to
the solvate layer. In other words, the extent to which some property
deviates from normal (corresponding to the entire volume of liquid).

The most important property of colloidal systems 1s stability -- an
1ndisp§nsa§19 condition of their very existence. Therefore the particu-
lar property that determines the asggregative stability of such systems
is the logical cholce for the basic criterion characterizing a solvate
layeor. '

2. Cleavage as the criterion of solvation

What property 1s that?

We shall make a basic assumption (Ref. 7) that in 'a general case the
stablilizing effect of solvate layers 1s due to cleavage - or 'disjoining
action, 'as one of us called it (Ref. 8) - first discovered and later
studied by B. Deryagin and B. Obukhov (Ref. 9).

This effect consists in the following. The solvate layers of two
surfaces (either flat or convex, as in colloidal micelles) come in
contact and are superimposed. On sufficlently close contact a pressure
develops, which is a single valued functlon of the distance between the
these surfaces, and not only opposes closer contact but actually tends
to move them farther apart. Thermodynamically, the cleaving (disjoining)
pressure is identifled with the state of equilibrium of the liquid
layer confined between the above two surfaces, being drawn together in
an infinitely alqw reversible process. The cleavage, therefore, has
nothing in comuon with the resistance to the thinning of the liquid
layer, which is due to viscosity, and becomes apparent as thﬁ liquid
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flows out of the clearance between the two surfaces. The cleavage 1is
caused by molecular forces of attraction acting between the micellar
surfaces and the molecules of a solvate layer. This attraction exceeds
the.molecular forces of attraction acting between mutually approaching
(micellar) surfaces. ‘

It was shown earlier (Ref. 10) that, because of cleavage, the free
surface energy of a system in which thin layers are present will depend
on layer thickness. To be specific, it will increase as the equilibrium
thickness of these layers decreases.

Such an approach to solvation phenomena offers the following
advantages.

1) Its basic concept of disjoining action (cleavage) is both clearly
defined and quantitative (since the cleaving effect. 1s interpreted as
a function of layer thickness). ‘

2) It relates cleavage directly to the stability of colloidal
systems (as well as to their other important properties such as swell-
ing or peptization). This relationship, as will be shown in Sections 8
and 9, provides a basis for a quantitative mathematical theory of
stability and coagulation of colloids. ' '

3) It makes possible direst quantitative measurements of cleavage
on macrosurfaces of any nature.

i) The cleaving action, corresponding to the equilibrium states,
can be treated thermodynamically. (This was verified dirqctly in our
experiments with macrosurfaces). | . |

5) The olegvage'piovidos a measure of the 1ntensity of molecular
attraction between the solvated and solvating phases. It follows that
our concept does not disagree with the comuonly accepted views on

solvation but rather develops these views, making them more precise.
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These assertions are further clarified and substantiated by the
following caloulation. Let the free energy of a system consisting of
two bodies, 1 and 2 (two micelles), and a diaperai§n medium 3 (Pig. 1),
be represented by a sum J, which 1s the total energy of all the mole-
cules in the system paired in every possible ccmbination. Each term of
this sum refers to a parficular pair of noloculol,‘oxproaling the
energy of their interaction. The latter will depend on the nature ot.
the two molecules and the distance separating them. On a similar
assunmption is predicated the classic theory of capillarity developed
by Laplao; and Gauna.’

Let the molecules contained in the first body be denoted by a,
thpse in fhp'aocond body by », and those of the dispersion -odiun by
6. It is obvious that the ¢ molecules will occupy ths portion of the
total volume of the system which fennins after subtracting the volumes
1 and 2 of both bodies (micelles). This must be kept in mind when
computing the sum 2:. If this consideration is ignored and, in calcu-

Fig. 1. Calculating particle interaction
in a dispersion medium

lating the energy of interaction for all molecules, thsa dispersionm
medium is assumed to f£ill the entire volume of the system, a dofin;to
error will result as additional terms are introduced into the sum .
Under such an assumption, volume 1, for instance, will be filled both
by the a molecules, which are astually found there, and by the o mole-
cules, present in the seme concentration as in the dispersion medium.
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(While consistent with Dalton's law, this is of courss impossible in
the case of condensed phases, except in terms of purely formal reason-
ing).

The above error is however easlly corrected, by introducing ficti-
tious molacules ¢! into volumes 1 and 2, in ; concentration equal to
that of the ¢ molecules. To these additional molecules a particular
property 1s attributed; namely, that the respective energies of inter-
action, for a 6! or a o molecule with any other kind (a, b, ¢ or e') =
the distances being equal - will differ only in sign. In other words,
the energy of a ¢ molecule interaction with any other kind (including
ac!? molecule) will remain the same in absclute valus but will acquire
an épposite sign if the & molecule is replaced by a c! molecule. By
virtus of satisfying this condition, the introduction of fictitious
molecules ¢! into volumes 1 and 2 will compensate for the above error.

The same condition also makes it possible to replace two interacting
¢ molecules by two ¢! molecules, keeping the same distance between them,
without changing either the amount of the sign of interaction energy.

The total fres energy of the system can therefore be expressed as a
sum Z:Jof interéction energles of all molecules. The latter are subdi-
vided intc the followlng groupsi

1) molecules a £illing volume 1;

2) molecules b filling volume 2;

3) molecules e filling the entire volume of our system, including

volumes 1 and 2 and the dispersion mediwm;

%) molecules ¢' £illing volume 1;

5) molecules et £111ing volume 2.

Lot us sxamine portion Z: 12 of the free energy of the system that
wili undergo a change when the position of bodies 1 and 2 relative to
eaéh other is varied while their shapes remain the same. This portion
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of the total energy can be identified as potential energy mutually
possessed Sy beth bedtes.

It» is obvious that in order to obtain the mutual energy of the two
bodles 812 1t i3 necessary to discard those terms of the sum N 12
that remain unchangcd as the positions of bodies 1 and 2 vary. Among
these will be all terma expressing the energy of ¢ molecules (3rd
group) interacting with one another.

Similarly, the sum of terms expressing the energy of all molecules
a (1st group), or ® (2nd gi-onp), interacting with all & molecules (3rd
group) can be discarded, since this sum remains constant if the dis-
tance between body 1 (or 2) and the boundaries of the entire system
(separating the dispersion medium from the outer medium) remains at all
times sufficiently large as eompared with the radius of molecular
action. The only terms that will be retained are, in the first place,
those expressing the energy of all moleculo-s e (1st éroup) interacting
with all b molecules (2nd group). We shall denote the sum of these

terms by

1)
g

where the subscripts indicate the placemenf of molecules (volume 1 or
2) and the superseripts dos:lgnate. the kind of molecules filling the
volumes denotod by subscripts. In the sesond place, the sum le will
include terms expressing the energy .of molecules o' of the ljjth groups
interacting with molecules ¢! of the S5th group. ‘Ih; sum of .these terms
will be denoted by T

S AL 2 TN
u_,""_Ew',a

because the energy of interaction does not change when molecules o!

and o' and replaced by ¢ and e.
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Also included will be a sum of terms expressing the interaction of

of molecules a (st group) with molecules o! (Sth group), equal to

"o wiae!

18 Lmdtt

and, finally, an analogous sum of terms expressing the interaction of

molecules b (2nd group) with molecules o' (4th group):

“1.")':’_ KT ed
pASIL N 1t

The interaction energy of bodles 1 and 2 in the dispersion medium

is thus eqﬁal to
. . » X :
DD IESINEDIHED I (1)

In the case where molecules a eand b are identical, the following

equality holds:

PAED M- TP 2 (2)

Equation (2) 1s self-evident when bodies 1 and 2 are of the same
shape and are situated symmetrically relative to some plane of symmetry.

If this condition is not satisfied, then each body 1 and 2 can be
subdivided into elementary volumes An;=At,, which will be equal to
each other irrespective of the particular body to which they are
assigned (Fig. 1). .

The energy of interaction between any elementary volume of the first
body with any elementary volume of the second body will obviously show
no varlation if molecules a and c_exchanga‘piaco in the tv§ volumes. In
other words, this energy will not depend on which body is filled by
molecules a and which by ¢ molecules. It follows that the sum of inter-
action energies of these elementary voiumea, which is equal to
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e
e
will not change if the suﬁorseripts. 1.0., the molecules, are shifted
about. This is consistent with equation (2).
Thus, the interaction energy of two bodies (micelles) which have an
identical cémposition and are immersed in a dispersion medium is equal

to

Eﬂ' S:: 2‘.1:1"‘2"' (3)

Expression (3) can be written in the form of a sextuple integral
taken over the voumes of both micelles 1 and 2:

Do fffe R meded skl o

where j’. and j’° are the molar concentrations (densi’tiea) of the
micellar and the dispersion medium, respectively; u‘o(rlz) is the
interaction energy of molecules a and ¢ separated by a distance ry2i
u (rlz) reapectively L is the interaetion energy between two a or o
molecules separated by a distance Py d'Ti and 4 73 are elementary
values of the two micelles; N is the Avogadro number.

Identifying molecular interaction with mutual attraction, we shall

regard values u,s u and “c as negative. If the absolute value of

ac
U is sufficiently large, expression (3')'nay then become positive;
i.0., some energy will have to be expend;d in order for the micelles,
initially separated from each other, to draw together. The existence
of cleavage (disjoining action) will thus be demonstrated, in this
particular case.

The cleaving action 1s therefore seen to be related to the strong'
attracstion between the micellar molecules and those £illing the

-11-



dlaporsion medium. According to conventional views, this attraction is
described as a sontridbuting, and sometimes as a major, factor in the
solvation of micelles.

Should molecules a and ¢ exchange their functions = as in phase
transition characteristic of emulsions - oxpfession (3) will not change.
It féllovs, to cite one example, that 1nteractioh of o0il particles in
water will be the same as in an oily dispersion medium, although this
conclusion is not borne out by general observations on emulsions. The
discrepancy can however be ascribed to our basic assumption - acceptod
also by the classic theory of ecapillarity - which, as pointed out above,
substantially l1imits the general applicability of our calculations. The
latter are clted here meinly because they reveal a close relationship
and the conventionsl concept of 3olvation.

Resistance to tangential (sheér) stresses 1s often treated as the
basic property of solvate layers. It is important in ‘sol viscosity and
seems no less essential for the mechanical properties of gels. It 1is
not however a basic property of choice, since it cannot be assoclated
with the many advantages indicated above.

We shall consequently characterize solvate layers by a function
expressing the effect of their thickness on disjoining pressure.

3. Cleavage measurement methods

In previous reports on disjoining action (Ref. 10, 9), a method of 5
investigating this effect was described, for the case where a liquid
layer 1s enclosed between two solid surfaces.

The procedure, howaver, involved a number of difficulties which
complicated the work and limited the scope of application. (The surfa-
ces had to be made perfectly flat as well as protected from aust
particles, and the like). These 1nconvepiences suggested a need for a
simplified procedurs. Sﬁch a method, it was found, could be developed

' -12+



1f cleavage studies were limited to the particular case of a lilquid
layer bounded by a solid phase en one side only and by a gaseous or
liquid phase on the other. We shall next describe this method, whieh

proved both simple and convenient for use.

Fig. 2. Installation for Pig. 3. Free-bubble method used
measuring the thick- in measuring the thiock-
ness of solvate layers neas of solvate layers -

A thin plate (A) prepared from the material taken for investigation
-~ for instance, glass -- was placed in a flat cell K (Fig. 2). The
examined surface had to be sufficiently smooth (as in biown glass) but
not necessarily perfectly flat.

An air bubble D was pressed against the surface of plate A. (If the
plate was opaque, the pressing was always done from above). A thin
_transparent plate (B), with a projecting ring C glued onto 1t, b was
usually employed for)thia purpose.

In many measurements performed on glass plateleta or scales of mica,
the procedure was further simplified. A free alr bubble was steered
toward the underside of a plate immersed in a liquid, and finally
settled on 1t (Fig. 3). This method, however, had its disadvantages.
The flattening of the bubble surface in contact with the plate was

13- |



determined by the ejecting force, hence it could not be controlled in
any other way exscept by changing the dimensions of the released bubble.

With the aid of a microscope M Iinterference bands were observed
(Pig. 2), in the shape of concentric rings running through e wetting
film. The film, formed by the liquid filling the cell, was located
between bubble D and plate A.h

L2 LY T,
FYY T
N . .
——
L LT
- .
coe .

———

Fig. lj. Displacement of interference rings caused by
varying the wavelength of light incident upon

a thin film '

Illumination was provided by a vertical microscope illuminator.

A Fuess monochromator E served ;s the source of light., The filament of
a 200-watt buld L was projected onto the inlet slit of éhe monochroma~-
tor. ‘

It 1s well known that the position of interference bands (rings)
indicates only variations in the thickness of the layer producing the
interference; it gives no indications as to absolute thickness values.
The reason for this is that when ths overall thickness of a layer is
changed by any (whole) number of half-waves, the position of interfe-
rence bands remains unchanged. By using a monochromator, however, we
werc able to vary in a continuous manner the wavelength A of 1light
and, simultaneously, to observe a qontinuous variation of the inter-
ference pattern. The ambiguity of thickness measurement data could

_ thus be fully eliminated.
As a case in point (see Fig. j), let it be assumed that by use of
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'tho monoechromator, a wanlongth}‘ has been selected such that it
causes & dark interference band (one of the solid 1ines in Pig. k) to
pass through a point A at which the layer thickness h is of interest to
us. Let the wavelength decrease contimuously, and let this decrease be
accompanied by a continuous displacement of the intereference bands

(in Pig. 4 the bands are ahir;:od to the right). The next darf band
will pass through the same point (i.e., the next darkening will occur)
when the wavelength of the illuminating rays becomes equal to )1 . The
interference bands or, more exactly, rings produced by this wavelength
are represented in Fig, I} as dotted lines.

We can then write:

R Gy G W

where m 18 some integer and n is the refraction index of the film.
From (lj) we £ind, by eliminating ms
S TY W W (5)
This method is most accurate when h 1s not too large. If the thick-
ness values are very minute, however, the procedure cannot be rigo-
rously followed., When nh is less than 0.5 /4\ » varying the wavelength
over the entire visible range of the spectrum will have no effect

beyond a single darkening.
It follows that one equation, at the most, can be derived, of

the fom
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vhere m and h are unknown. The velue m can be found, however, if we
first determine, as shown above, a thickness h! corresponding to some
other interference band, with a greater path difference, which passes
through a nelghboring point of the film where the thickness is greater.
The value of h is then determined froi the relationship

2n (' —h) = m'A—mh=Am\, (7)

where am is obviously greater by unity than the number of dark bands
located between the observed interference bands. It will be noted that
the band ﬁattern alone, when observed at some one definite wavelength,
does not yet indicate which areas of the fleld have greater thickness.
Hence the ambiguity in determining the sign of differentials (h' - h)
or Am. This uncertainty can héwever be eliminated, by varying the
wavelength of the illuminating rays; as the wavelength decreases the
bands will shift in the direction of decreasing thickness. The same
caracteristic enables easy differentiation between the areas of maxi-
mum and minimum thickness.

In most of our experiments, the principal objective was to measure
the film thickness in areas of 1ts minimm (or maximum) values. The
operation, however, involved certain dificculties.

When the wavelength is varied, the areas of average film thiclmess
must be distinguished from those of extreme (high or low) values. In
the first case interference bands neither appear nor disappear but move
steadily past the area, while in the second case they appear or vanish,
but do not shift. Accordingly, in case 1 (see Fig. lj) it is possible,
by varying the wavelength, to bring the middle, hence the darkest,
portion of the band into coincidence with a given point, In case 2, on
the other hand, any given point, encircled by concentric ﬁevtonian
interference rings, will invariably coincide with the center of a
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dark circle. (This holds for a wide range of wavelengths). But the
interference minimum of light intensity (equation 6 holds only for
this mininun) will coincide with the dark center only when the vaiq-
length assumes a certain definite value (sometimes a range of values).
It toll@vs that the unknown wavelength cannot be determined without
measuring light intenaity (by & highly spgcialized photometric proce-
dure). In our measurements, the minimal film thickness involved not a
single point but a cirole;shapoa area (see the photograph of an inter-
ference pa@tern observed in one of our experiments: Fig. 191. This
made the problem easier, as will be shown below, in describing one of
our techniques used effectively in most cases (barring a few partiou-

lar thicknessos}.

Pig. 5. Interfereénce pattern Pig. 6. Interference pattern

obtained for the case obtained for the case
where the wavelength is not wvhere the wavelength becomes
equal to the quadruple thick- equal to the quadruple thick-
ness of the wetting film in ness of the film. The 'border!
its central portion. Part of is no longer visible.

the 'border!' is visible in
the photograph.

Let the unknown minimal layer thickness (when multiplied by the
index of refraction) be eqﬁal to O-IZ/H- For any wavelength /8
-exceeding O.hB/R y the semi-dark center ares corresponding to the -~
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minimum thickness will then be encircled by a much darker 'border!, In
1t will be located points corresponding to a thickness of A /k, or
the minimum of 1ight intensity (see Fig. 5). Obviously, by reducing
the waveiangth until the darker border has vanished, we shall achieve
coincldence of the minimum light intensity with th; minimum thickness
(Pig. 6).

This, evidently, will take place when the wavelength has the
value ‘
X'=0-48 »~
Conversely, having determined this wavelength, we can calculate the
minimum film thickness by use of formula
. !! 8
fﬁ?4ﬂf“ . (8)
This method is applicable when

038>k > 02p.

Equally effective, in this case, i3 the analégous 1ight border!
method, If the adjustment for border disappearance gives a wavelength
/\o' , we have

Ny
When . _
nh, <0.1p
neither method can be used. However, in the particular case where
= , the following technique 1s resorted to. A wavelength
/kz 13 selected at which the interference picture will be equally
bright in the center and along the edges, where interference bands

ere indistinguishsble, due to coalescence. From the thoery of inter-

ference 1t follows that, in such case
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| u..'-:—.. | ' (9)

None of these methods, needless to say, is particularly accurate.
For high-accuracy data, precise photometric measurements must be taken
to determine the relationship between light intensities in the center
and those in the areas of maximum and minimum brightness. To this end
we now use ob jective microphotometry performeﬁ with the ald of a
selenium photocell. As faf back as 191l, Woils (Ref. 12) measured the
thickness of extremely thin films (such as black soap-bubble spots) by
(visual) photometry of rays reflected following interference.

Equilibrium thickness values rorVVsrious specific pressures wer;
obtained in a simpler way, by taking bubbles of difforent.radii and
measuring for thickness the wetting layers separating these different
bubbles from a s0lid surface. Pressure P which ths layers are able to
withstand, since 1t is counterbalanced by their dis joining action, can
be calculated by applying the firat law of Laplace. For nearly spheri-
cal, only slightly deformed bubbles, the following formula can be used

2 .
Pﬂ-'- . (10)

where r 1s the the bubble radius and 6 1s surface tension.

The separation surface, in the system 'solvate wetting layer -
bubble! is in fact a flat one, therefore fhe pressures acting upon it
from either side are equal. Thus, P in equation (10) indicates simml-
taneously by how much the pressure in a solvate layer exceeds the
pressure in the adjacent volume of liquid. This, essentially, 1ls the
measure of a disjoining action as additional pressure by a thin layer,
existing in violation of the laws of hydrostatics (law of Pascal).

In our reasoning, we could also follow another, simpler line.




A solvate layer can withstand, without being squeezed out, the bubble
pressure greater by the value P than the pressure of the adjacent
volume of liquid. This additional pressurs can therefore be identified
with P. ’ |

Thus, by performing measurements on bubbles ;arying in size, we
were able to plot a graph showing the dependence of P on h, for the
case of a (nearly) plane-parallel solvate layer.

lj. Observation on the nonequilibrium state of a weatting film

Our attempts to obtain a soivate layer in the state of equilibriwm
by the above method were at first hampered by an interesting phenome-
non that merits discussion. When a bubble was ﬁres1ed against a solid
surface, this had to be done slowly and gradually. The condition was
not always observed. In such cases the flattened area of the bubble
was sometimes large enough to produce a solvate layer profile as aeen
in Fig. 7 (see insert). Here a photograph of the interference picture
obtained for such a case is shown and beneath it, the profile (verti-
cal section) of a solvate layer plotted on the basis of this picture.
An unambiguous interpretation of such interference patterns was made
possible by applying the following rule: as the wavelength decreases
the interference bands (rings) are seen to shift from areas of grea-
ter thickness to those of lesser thickness of the solvate layer.

New rings appear where the thickness 1s maximum and vanish where
it is minimum.

The area of minimal thickness is seen to be located not 1in the
ceﬂter but at some distance from it, encircling the central point.

A portion of the liquid layer contained lnside this ring had a thick-

ness greater than the equilibrium thickness of the solvate layer --

that 1s, the thickness value corresponding to the pressure inside the

bubble. The thinning of this portion of the liquid proceeded quite
«20-




slowly, however, apparently because of the strong viscosity offect
hindering the liquid flow through the harrowoat areas. (Viscosity, iIn
thi; case, may have been higher than normal, due to the minute thick-
ness of the layer: see Ref. 13). |

The ring-shaped area of minimal layer thickness opposing the flow of
' liquid was referred to, in our experiments, as the barrier.

The mechanism of barrier formation apparently consists in the follo-
wing. Consider the case of a bubble acted upon by a (orco N (such as
the forﬁo of ejection causing the bubble to rise in a liquid). Lot us.
assume thaé the bubble moves as a unit and, on striking.a solid sur-
face, becomes partially flattened and stops. The conditions for the
outflow of a thin liquid layer between the bubble and the sblid sur-
face are most favorable along the circumference bounding the flattened
area (Fig. f), since the free volume is very close. The liquid layer,
thinning out rapidly along the periphery, reaches the équilibriuh
thickness and forms a barrier. As to the layer contalned inside the
barier, 1ts location, as explained #bbvo, is lesé favorable for an
outflow. Consequently , it retains for a long time its original thick-
ness, which is considerably greater than the equilibrium thickness.

o~z
_
[

iy =

’

Fig. 8. "Barrier" rormation§ the wetting
£ilm 4is in a state of nonequilibrium.
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In the light of avallable observations, the proposed theory of
barrier formation appears to be correct. The process is confined to
the boundaries of circular flattened areas, which have a radius L
Such ring-shaped barriers are formed for bubbles of different radii r,
scattered freely about the lower surface of a transparent plate (Fig.:
8). The f° values measured with the aid of the iniortorenco picture
are shown to agree with those obtained by calculation.

To calculate it is sufficient to write down the conditions under
which the force of ejection will counterbalance the reaction of a
nearly flat solvate layer (Fig. 8) to the capillary pressure K acting
upon this layer from inside the bubble. (It is necessary to keep in
mind that the curvature of small bubbles is only slightly affected by
deformation). We thms obtain:

4, o 2 .
'5'-’;‘""-,'"?’?‘#? (11)

where d is the difference between the respective densities of the
liquid and the bubble, and g 1s the acceleration of the force of
gravity.

From eq. (8) we have:

=1/29 .. (12)
=) 3

In the graph (Fig. 9) the observed s values, for bubbles of

diflerent radii r, are laid off along the ordinate and the corres-
ponding rz values, along the abscissa.
The experimental points fall exactly, or nearly so, on a theoreti-

cal curve plotted with the aid of equation (12), into which the follo-



ing given values have been substituted:
d=1.0; g=981; ¢ =73.

The coincidence of the experimental with the calculated curve (12)
demonstratues that barrier formation is in effect confined to the peri-
phery of the solvate film, where the surface of the bubble contaots
the 50l11d‘ surface. At the same time, direct examination of the inter-
ference pattern (see pﬁotograph in Fig. 7a) reveals that beyond the
barrier the thickness of the liquid layer shows a steep increase.

Fig. 9. Dependence of the wetting
film radius (caloulated line)
and the ‘'barrier' radius (ex-
perimental points) on the
bubble radius
The formation of a barrier can neverthsless be avoided. If the
bubble is slowly pressed against surface A, with the ald of an auxi-
liary plate B (Fig. 2), no barrier will form. What we observe,
instead, 1s the emergence of a solvate layer of uniform thickness,
which will remain unchanges for as long as 2} hours. This thickness 1is
reproducible, with high accuracy, and apparently characterizes a sol-
vate layer at equilibrium with pressure P acting upon 1it.
In Fig. 10 (see insert) is reproduced one of the many photographs
of such an equilibrium layer, obtained in our experiments. The photo-
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Fig. 7. Microinterferogram of a
nonequilibrium wetting
film of water; a profile
plot of the same film.

-2~

Fig. 10. Microinterferogram
of the solvate layer
of an equilibrium
wotting water film
on mica



graph shows clearly that the layoi thickness 1s commensurate with the
light wavelength. If it were much smaller, the central portion of the
picture would in faet appear dright rather than dark. |

In the light of this conclusive visual proof, it can be asserted
thﬁt the radius of action, for solid surfaces, is not as short as it
is often assume to be. (The latter view is based on the existence of
monomolecular adsorption layers).

These fundamental findings are of paramount 1mp6rtanca for scienti-
fic inquiry into molecular forces and surface phenomena.

S. Measurement data on equilibrium thickness of solvate layers

In these measurements, speclal care was takent o keep the surfaces

clean and free of dust. This accounts, in part, for the choice of
observation material. Basic measurements were done on mica and glass.
Mica surfaces could be made perfectly clean, because the cleaving was
done along the cleavage plane, under water. The glass surfaces, melted
just before use, were obtained from freshly blown glass bubbles. (A
slight correction for surface curvature was introduced into equation

10).

Fig. 11. Isotherm of equation of Fig. 12. Isotherm of equation of
state of solvate layer. state of solvate layer.
Water on mica. Water on glass.
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Fig. 1. Desolvating action of. electrolytes. The
solvate layer 1is ruptured and a wetting
perimeter is formed.
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In most of our measurements, hydrogen bubbles were used, formed by
electrolysis inside the aquesous mediwm teken for study. !hoﬁ air
bubbles were used instead, this did not affect the results of measure-
ments, except where the solvate layer was 'rupturod' and the 36114
surface became dirty, due to contact with the gaseous phase (i.e., the
air bubdle). '

Double distilled water was always used for measurements.

The graphs in Figs. 11 and 12 demonstrated the dependence of P on
h, for double distilled water on mica (Fig. 11) and on glass (Fig. 12).
(The reaction was acld, due to the presence of carbon dioxide 19 the

water).

Fig. 13. Effect of adsorption layer on
the isotherm of equation of
state of the solvate layer.
Vaseline oil on steel.

A solvate layor was seen to form also when a glass-alcohol system
was applied. It was however too thin to be measured by our visual
procedures.

In Fig. 13 measurement data are given for the systems steel surface
- pure vaseline oil (solid 1line); steel surface - vaseline oil contain-

ing 1% dlssolved oleic acid (dotted line); hexane (curve based on

experimental points).



0f particular interest 13 the effect of electrclytes on the thick-
ness of solvate layers. In the case of monovalent cations the effect is

slight, as follows from results obtained for KC1l:

Concentration, moles per liter 1,0 0.1 0.01
Pressures, dynes per on? 400 400 1,00
Thickness of solvate layer, WA 100 50 90

Multivalent cations such as A1013, even in low concentrations
(10°% X), show strong dehydrating action. As a result, the thickness of
solvate layers 1s reduced to values below the limits of measurement by
our method. The contact angle too is changed from zero (pure water) to
values ranging 2° -« 3°, If the bubble is kept pressed.against a glass
or mica surface for a certain length of time (varying for'difforont
cases), a 'rupture' of.the solvate layer develops which.spreads very
rapidly. Complete wetting is confined eventually to a wetting perimeter
often shaped irregularly as a wavy ring (see photograph of interference
pattern obtained for this case: Fig. 1l, insert).

6. Discussion of measurement errors

We shall now consider the possible (rather limited) criticism of our.
measurement technique, which gives for solid aurfaces a radius of
action (hy= 10-5 cm) exceeding considerably the combined thickness of
several molecular layers.

It should be pointed out, to begin with, that the method described
in this report is superior to those previously used (Ref. 1) in that
it does not require perfectly flat surfaces, of the order of 1 cmz,
but can be used with any sufficlently 'smooth' surface of a much
smaller area, ranging 1l mm2 to 0.01 mmz. It is easy to see, further-
more, that moderate surface curvature, which is much less than the

curvature of the bubble pressed against it, should not affect the

thickness of the solvate layer coating the surface. Occasionally,
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however, the surface curvature is more pronounced. In such cases only,
_tba simultaneous effect of additional Laplacean pressure, exerted by
the curved surface separating the solvate layer from the air bubble,
may affect the layer thickness. |

We have every reason to believe that the surfaces used in our expe-"
riments were more than adequate, particularly those obtained from
freshly melted glass or the cleavage planes of mica. On some rare occa-
sions, the mica surface in the fleld of observations had a minute flaw;-
which we celled a 'microterrace!. Such defects were immediately detec-
ted, because of the distortions they produced in th@ interference
pattern of the soivato layer.

One of the objection which had to be considered in ouf 0ld method
(Ref. 1h) using two solid surfaces separated by a thin liquid layer,
was that duét particles settling along the clearance mighf have an
adverse effect on the measurements. In our present study, however, the
solvate layer was boun@ed by one solid surface only, hence this object-
ion was no longer valid. ,

For one thing,‘individual dust particles will do no more than
create local distortions in'the profile of the solvate layer. They
cannot affect the average thickness, as measured by the photometrie
procedure described sbove. Moreover, local distortions of the inter-
ference picture caused by coarser dust particles can be seen under the
microscope. The néw method, therefore, enabled us to check the surface
for the presence of dust. In most of our experiments, the absence of
dust particles could be verified on this basis alone. The finer dust
particles, on the other hand, are not visible under the microssope.
When presenﬁ in the form or‘continuﬁus coating, such particles could
create an 1i1usion of uniform thickness, with respect to the solvate
layer. In our studies, however, the possibility of such dusting was
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virtually précluded. It is sufficlent to point out that in working with
mica, scales of this material were split off under water and tho‘virgin
surfaces were examined at once (while still in the same double-distill-
ed water), before they could come in contact with alr. The hydrogen
bubbles, too, formed in this aqueoui medium. In general, research work
on surface phenomena would not be possible i1f under our experimental
conditions the solld surface could become densely covered with dust,

It should be pointed out that studying solvate layers bounded on
both by 1iquid (rather than solid) surfaces would be of no advantage,
as far as fhe dust effect was concerﬁed. 5 It would in fact render the
investigation more difficult, since surfaces of virgin purity would no
longer be available. 6 -

Nor could another property of liquid separation surfaces - their
perfect flatness - be considered an advantage in our method, since the
solid surfaces used were quite satisfactory, in terms of "smoothness™
required for our procedure.

As the last possible objection, 1t may be guestioned whether solvate
layer thickness yielded by our measurements were in effect equilibirum
thickneases. .

The following considerations will suffice to refute this ob jection.

1) The values obtained for h are easily reproducible.

2) If 'barrier! formation has been prevented (see above), the
thickness h (at a constant pressure P) ceases to vary, after the
lapse of a certain time interval. The latter amounts to several
minutes for water and aqueous solutions, and to about one hour for
vaseline 011, whose viscosity 1s high. In such cases, observations
lcating as long as 2l hours fall to disclose any further thinning of
the layer. It is concluded that the resistance to the outflow of the
liquid, dﬁe to viscosity, retards the thinning out of the layer only

4




by a few minutes (in the case of water). After that an oquilibriﬁm is
reached between the external pressure acting upon the solvate layer

and the disjoining action, whereby the resistance is eliminated. The
same thing 1s demonatrated no less conviﬁoingly for solvate layers of
vaseline oil. In the course of one-half to one hour the layer thickness
may be brought down below that of an aqueous solvate layer after a 2i-
hour interval, despite the far lower viscosity of water.

3) As the pressure P acting upon a solvate layer increases the
thickness h decreases, and vice versa. It would then appear that a
layer having a-thickngss h could be obtained either by thinning out a
thicker layer or by thickpning a thinner layer (in each caso,-thrdugh
appropriate variations of the pressure P). This confirms, at the same
time, that the observed thickness correspond to equilibriuwm values and,
furthermore, that the relationships obtained, namely P = P(h) (see
graphs in Figs. 10, 11 and 12) represent equations of state (equili-
brium isotherms) for the solvate layer.

Thus, all objJections to our experimental technique, as discussed
above, should be-considereﬁ invalid.

7. Discussion of results. Effect of adsorption layers on solvation.

The final point to consider is whether the disjoining pressure P of
the solvate water (for the case of water) could be identified with the
repulsion of ions carrying charges of the same sign, which form the
outer diffuse ionic layers adjacent to the two bondary separation
surfaces on elther side of the layer. Measurements of the ‘g-potential
indicate, in fact, that air bubbles as well as glass and miga surfaces
are charged nogativeiy in water. The diffuse outer membranes of both

separation surfaces are thus found to be composed of ions carrying

charges of the same (positive) charge.
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It 13 easy to see - as shown also in the quantitative theory of
T

interaction of two surfaces ' carrying diffuse lonic layers (Ref. 15),

developed by B. Deryagin - that such repulsion becomes undetectable at
& distance several times greater that the effective thickness of the
diffuse layers d. For monovalent electrolytes, this distance is equal
to :
. _—
d=0.3:10"7 .
. 8:10 W, (13)

where ¢ 1s concentration, in moles per liter.

For pure water, the value 4 may, in effect, be of the order of

10~ —107" on.

Thus, in the case of pure water, the disjoining action can be.
ascribed, at least in part, to the prssence of ion sheathl..

We have seen, however, that monovalent electrolytes (xci), in
concentrations up to normal, do not substantially alter the order of
magnitude of those h valuss at which the disjoining action is still
perceptible. Thickness d, on the other hand, decreases in this case, to
a value of 0.3-10'7 am, in accordance with eq. (13). It follows that
the dis joining effect camnot, under the circumstances, be traced back
to repulsion of two identically charged ionic layers. The existence of
cleavage in nonaqueous laysrs (vaseline oil, hexane) further indicates
that the nauture of this effect must be a very different one.

From measurements involving multivalent cations, it 13 seen however
that the ions apparently are adsorbed by the solild surface, csusing its
dehydration, and may thus indirectly affect to a very great extent
both the thicknesa'or solvate layers and thelr cleaving action.

Further evidence is furnished by measurements conducted on solutions
of olelc acids in vaseline oil, indicating that adsorption of surface-
active molecules (on steel) may likewise have a strong effect, In this
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case again the thicknosa'and the cleaving effect of solvate layers are
increased; or, to put it another way, the solvation, as this term is
interpreted here, becomes intensified.

. The above testifies also to the corréctnos of a hypothesis advanéqd
by B. Deryagin as far back as 1933 (Ref. 16). According to this view,
adsorption layers may affect the adjacent liquid layers, by increasing
the thickness of the lyospheres or of the solvate layers. This, in
turn, influences the related phsnomena, above all the stability of
colloids and dispersolds, which depends on the disjoining effect of
solvate layers. A more detailed discussion of this relationship'wlll
be found in sections 8 and 9. _

We thus arrive at an explanation (first proposed by B, Deryagin, in
the same year 1933: see Ref. 16) of the mechanism und;rlying the
effect of adsﬁrption layers on the stapility of disperse systems (for
instance, suspensions). P. Rebinder and his fgllowers (Ref. 17) used
ample experimental material to investigate this effect.

The basic point, in ouf explanation, i1s that adsorption layers have
no direct effect on stability but influence it indirectly, through
solvate layers, whose essential properties (equation of state) they
affect. The same interpretation may be applied to other effects attfi-
butaflo'to adsorption layers, such as their influence upon the volume
of precipitates, the swelling of colloids, or the dispersive power.

In.a like manner, the effect of adsorption layers on stability may
apparently be related to lyophilic colloids. The part played by the
"third component™ in ensuring the high stability of lyophiles will
thus be elucidated. In Section 9 we shall show that the above theory
can be expressed in the form of a quantitative relationship. On this
basis, the stability of colloids and dispersoids will be treated
mathematically, in a way consistent with experimental findings.
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8. Interaction of spherical micelles in a dispersion medium:

8

theoretical analysis

The dis joining action of solvate layers, in those specific manifes-
tations which are the sub ject of our expsrimental study, is assocliated
with plene~parallelism, 1.e., with uniform thickness of the;o layers,
The science of colloids, on the other hand, is concerned primarily .
with the effect of cleavage on forces emerging as colloidal particles
approach one another. But this 1s the case of a 1iquid layer of non-
uniform thickness enclosed between two convex surfaces (Fig. 17).

Tc pass from the first case to the second, it is howaver sufficient
to use an earller formula derived by B. Deryagin for a general case in
his theory of particle adhesion (Ref. 18). This formula, in our esti-
mation, 1s of major significance for the problem of colloid stability
as well as many other important problem of the theory of colloids. We
shall therefore show hers the derivation of the fomula for the simple
case of two spherical particles. '

Let us begin by considering, once more, the case of a thin liquid
layer of uniform thickness. The very exlistence of disjoining action
indicates that isothermal thinning of the layer, from oo to h, being

a reversible process, consumes energy, which per unit area smounts to
. ay - oL .
F(h) = f P(h) dh. (1) -
We shall assume that the energy to be expended has been stored as
additional free energy of a liquid layer, and is consequently equal‘
to F(h). We shall call function F(h) the characteristic function of
the 1iquid layer, since it determines the equation of state P = P(h)
of this layer. On the other hand, F(h) can be obtained directly from

our experimental data for P(h) by the method of graphic integration.



It is further assumed that when ﬁ = 00, the liquid layer is acted
upon by surface energles 6 of the two separation surfaces (taken to be
identical) by which 1t 1s bounded. Together with the additional free
energy, the total free energy, for a layer of small thickness h, will

be expressed as
Wh=30+FR)L. (15)

At h = 0 the layer disappears, along with the boundihg separation

surfacei. We now have

0=25 + F\0),
hence,

F(0)==—2v, _ (16)

Since for h =2 000, P(h) = 0, it follows'that in the case of a liquid
layer enclosed between two identical surfaces, the disjoining action,

which 1s equal to

P(h)=—F(h). ' (17

1s either negative for any h value - that is, the layer tends to

decrease spontaneously in thickness (Figs. 15 and 16, curves 1) --

F(/‘ ':".i Ce p”” ,: " ~.".'”"
,.‘. . ..' S l.”‘ . ‘."\." : ..: ,;3
§: N B
==

Fig. 15. Two basic shapes of the Fig. 16. Two basic shapes of an
characteristic function of a thin 1isotherm of the equation of
layer of liquid enclosed between state for a thin layer enclosed
two identical surfaces between two identical surfaces
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or else curves P(h) and P(h)intersect the abscissas (Figs. 15 and 16,
curves 2), so that P is negative for sufficiently small h values but
§ocOmes positive when these values ars large.

' We see, therefore, that a disjoining action between two identical
sprfaces will exist only if the conditions of the second case are
satisfied.

This observation is of importance for the problam of colloid
stability, but it will n<t affect the formulas derived subsequently in
this section. The only fact of any importance to us, at the moment, 1is
that the eipression for the free energy of a system containing a thin

1iquid layer of thickness h includes a term
U==S-F(h), (18)

which 1s a function of h, where S 1s the area of the layer.

Fig. 17. The force of interaction of two
spherical particles in a dispersion
medium.
i We shall next consider the case of two spherical particles of

radius r, separated by a liquid layer of nonuniform thickness (Fig.
17).
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In this case, the nonuniform layer thickness changes slowly from
point to point, since the lnyﬁr is bound everywhere by nearly parsllel
portions of two surfaces. By generalizing eq. (18), the additional
energy of this layer (at least where its thickness is less than h,,
whioh 1s the radium of surface molecular action) 10 may at the first
approxima tion be considered equal te

U=\ F(h) d8, (19)

where the integral 1s taken over one of the two surfaces, bounding the
thin layer on one side.

To Justify the use of this epproximation in the case to be conside-
red, where a liquid layer 1s enclosed between two spheres of radius r,
it is necessary that r be large 1n comparison with h,. The portions of
the spherical surfaces separated by dlstances smaller than h, will then
be not too distant'frbm areas most close to one another (i.e., from
points A and A' in Pig, 17). In other words, these portions will be
'nearly parallel! to each other. (The normgls to areas facing each
other will intersect at very small angles).

When applied to the case of two Sphores; 6q. (19) can be simplified
by use of the geometric theorem concerning zone areas measured upon a
spherical surface. The latter is divided into zones by planes perpen-
dicular to a straight line connecting the center 0 of the sphere with
the center O' of another sphere. Taking dS in eq. (19) equal to the
area of one such zone, we can write, in accordance with the above
theorem:

dsaznr?,



Accordingly, integral (19) assumes the form

U =nr \ F(B) dh. (20)

The upper 1imit can be taken equal to infinity without detracting from
the mathematical precision, because F(h) will equal zero beginning
with small h values. _

The expression derived for U apparently represents the potential

energy of interaction of two spheres, 11

which amounts to the work
that must be expended in the (reversible) motion of these bodies as
the distance between them 1s reduced from infinity to Eo.

From eq. (20) the force of repulsion N acting between the spheres

i3 determined, in accordance with the well-known theorem of mechanics:

[

U '
N=—5E=_WF(H.)=W P(h)dh. (21)

It follows from the above that the force of interaction existing
between colloidal particles of any radius (not excessively small) sepa-
rated by any distance, can be determined by graphic integration of a
P(h) curve plotted directly from experimental dat;.

As pointed out earlier (see Secion 1), the widely accepted expla-
natlon relating the stability of lyophilic colloids to a ‘washout' of
the solvate layer, is hot valid. It is, in fact, immediately evident
from equation (21), and even more so from Fig. 15, that this is not
so. The 'washout'! of a solvate layer i1s expressed graphically by a
gradual decline of curve F(h), and also P(h), with increasing values
of h. At a given 6 value, the 'washout' in 1tself will not decrease
prtcile interaction (i1.e., repulsion or attraction, depending on the
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sign of F(h) which 1s negative in the case of attraction). Rather, the
interaction is intensified, because the radius of action, for the
forces concerned, becomes lengthened. What accounts for this is that

the decrease of F(h) with increasing h values is slowed down in this

- oase,

The maiinum value of the force of interaction, acoording to eq.
(15) and (21), will depend only on surface energy 6 avallable along
the boundary line separating the particle from the dispersion medium,
and will be always negative, if 6 1s in every case assumed to be .
poaitivo.' '

Therefore, a decrease in the action of_forces of adhesion, which
leads to the stabllization of the systeﬁ. cannot be related to a
'washout' of the solvate layer. Mors likely, it depends (at a given d)
on the change of sign for values FP(h). When the respective curve (such
as curve 2 plotted in Fig. 15) intersects the abscissa, a portion of
it becomes positive, which corresponds to a decrease in activity.

To put it another way, stabilization of colloids is ensured by an
energy barrier that mast be overcome as two particles approach.each
otherﬁ 1.e., soms activation enefgy must be avallable to these
particles. In this case both the motion of particles drawing closer to
each other, and subsequently their adhesion, will be obstructed by a
kind of activation energy, with the result that a degree of aggrega-
tive stability will have been achieved. In the next Section the idea
will be elaborated and subjected to rigorous mathematic treatment.

9. Theory of slow coagulation and of stability of colloids

In the classic theory of rapid coagulation, developed by Smolu-

khovsky, coagulation velocity v,, equal to the decrease in the number

of particles per unit of £1mo, is expressed by the following relation-~

ships
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vy ==8% Drc}, (22)

where 6o 1s partial concentration (in cn3); D 1s the coofficlonf of
particle diffusion; and r is the radius of particles.

In deriving equation (22) a condition 1s assumed that characterizes.
rapid coagulation. When Ho = 0, the particles, at each collision, are
assumed to adhere to each other under the action cr'forcos of molecular
attraction. When H°:> 0, on the other hand, there are presumably no
rorbes acting between the particles. In other words, the radius of
action, fof surface forces, including the forces of adhesion, 1s taxen
to equal zero. At the same time, the probability of adhesion, at each
collision - 1.e., the efficiency of the acting forces - %s assumed
equal to unity.

That the second assumption is correct, was confirmed by direct
observation (Ref. 19) for gerosols whose ¢ r 2 10-4-10~% o

It was shown theoretically (Ref. 20) that in the case of an aqueous
dispersion'medium” the efficlency of a single collision must be much
less than unity 1f coagulation is to be slow; 1.e., if its rate is to
be appreciably lower than.the value v, obtained from eq. (22).

This refutes the view held by Smolukhovsky, who thought that the
valocity of slow coagulation must be proportional to the efficlency of
collisions, as defined ahove. -

On the other hand, the very concept of 'probablility of adhesion!
at collision, even whan assoclated with a correct approach to the
problem of coagulation, testifies to our ignorance of the cause, or
the mechanism, of colloid stability. It means, also, that no effort is
mrda to develop a'theory of stability, inasmuch as nothing 1is séid

about the possible factors controlling the probability of adhesion.
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Moreover, if the particles are sufficiently large in comparison with
molecular dimensions, 1t can hardly be expected that, at H, =0,
'chance factors' might be able ﬁo hinder adhesion, reducing efficlency
at collision to a level appreciably below unitj.

Our purpose, however, 1s to develop a theory of slow coagulation as
related to stability of colloids. With this in mind, we shall assume,’
for the case where H, = 0, that the particles always become aggregated
(1.e., efficlency at collision equals unity). At the -same time, the
radius of surface action will no longer be assumed to equal zero. In
estimating particle 1n£eraction, we shall make use of results obtained
in the preceding Section.

Thus, if the act of collision 13 identified with the case where
Hy = 0, collision efficlency will equal unity. If, however, the act of
collision is identified with the case where the particles are separated
by a clearance H, = h,, collision efficlency may be considefably less
than unity, under conditions of "cleavage”. The probability of adhesion
can be precalculated, for this case, on the basis of the law of par-
ticle interaction.

To calculate the velocity v of slow coagulation, taking account of
particle interaction, we shall use the formulg

16 mDo’
%@"‘f’

—
luH’ N

r+—H

® ‘. . ‘e .4 ..

(23)

where U(Bb) is the potential energy of interaction between two par-
ticles, which equals the energy expended as they move toward each
other, from an Infinite distance to a distance H,; k is the Boltz-

mann constant; and T i3 the absolute temperature.
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Formula (21) was derived (Ref. 21) as a generalization of Smolu-
khovsky'aAaquation_(ZZ) for the case of interacting particles (charged
particles of aerolos).

For our purposes, the terms 'stability! of a colloidal system is
best interpreted as a value L wﬁich is thé reciprocal of coagulation

velocity vs

o (24)

P . .
T CUHY \ dH. '
L—-L, : kT NE . (25)
,L, =fS[G . :‘l] '+g§’ . )
0 o . .

For the case where U(H,) > 0, the above expression signifies an
increase in the stability of the system, assoclated with cleavage and
the characteristic function:

[ 1 o -
' o0 i

T e . e R
UHy= £N<30.43~=” [ a8, [ P(E)dH,, (26)
LI S ' .. - -. - . x. -’ . g. '...1 .",‘“
or, integrating in parts:
- «@ - "o
UH)=sr [ HQ(—H) & : (27)

By treating graphically the experimental curve P(Ho), we can now

determine U(Hy) for different » values, and next the value



We shall cite here the results of such calculations obtained for
a water-glass system.

A distinction must first be made however, insofar as the dis joining
offect 1s concerned, betwesn two cases. In the first case, a thin
1iquid layer is bounded by a solid body on the one side and by gas on
the other. In the second, which 1s the case in our experiments, the
same type of layer 18 enclosed betwsen two identical solid bodles. The
cleaving action manifested in the latter case 1s the only one that is
of importance for the theory of coagulation.

To compiote our calculations, we shall assume the disjoining action
'in the second case to be twice as strong as in the first. This means
that the respective functions P'(h) and F'(h) can be obtained for the
second case by doubling the P(h) and F(h) valﬁos, based on-direct
measurements, relating to the first case. Such an aséumption cannot of
course be considered correct, except as a rough approximation. Strictly
speaking, it 1s justified only as an aid in computing at least the
order of magnitude, for the stabilizing action of solvate layers.

Function U(H)) for the value r = 10~5 cm 1s plotted in Fig. 18, by
use of eq. (26), after doubling the function values, as indicated
above,

It is seen from the graph in Pig. 18 that for H, <104 cx U>7-10-2 .
Since at room temperature kTx4-10-% , 1t follows that for H,<10"c
the ratio _U_ will be greater than 175. In this case, for r = 1075 cm,

kT
expression (25) will yield the inequality

.-L—.L—-:L.--:.
LTI >m&j . (28)

In pure water the system, as follows from the .above, will be

absolutely stable, or nearly so, at r;>.10"S cm.
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Pig. 18. Potential interaction energy of mutual
repulsion of two glass spheres, r 10~ cm,
in water, as a function of distance
separating their surfaces.
The energy values were computed by
recalculating an isotherm of the equation
of state, obtained experimentally for a
water film on glass.
It will be noted that for lesser r values our calculations become
inaccurate, since they are based on a formula that glves sufficlently
close approximation only for r values large enough as compared with

h,. This latter value, according to our measurements, is of the order

10-6 - 10-5 cm.

CONCLUSIONS

1. The current concepts relating to surface solvation are not
clearly defined, nor do they furnish a basis for quantitative
evaluation. The lack of a direct experimental approach is responsible
for the dearth of infbrmation on the properties and thickness of
solvate layers.

2. The most important property of such layers should be identified
with the disjoining action exhibited by a thin film of 1liquid separat-
ing two phases (two micelles; also, a solid or liquid phase and a gas

bubble) .

L}~




3. Quantitatively, this property is characterized by the depandence
of equilibrium diajyining pressure P on thickness h of a plane-parallel
layer. Punction P = £(h) represents an isotherm of the equation of
state for this layer.

. The proposed definition of solvation is consistent with convent-
ional views relating solvation to intense molecular interaction of a
disperse medlum with disperse phase. This 13 demonstrated by calculat-
ions in whieh molecnlaf interaction 1s assumed to be additive. ,

S. A method for doriving‘the equation.of state for a solvate layer
has been developed by the authors. When applied to a wetting film
between a bubble and a solvated surface, it offers many advantages over
the procedure described in previous reports of the present aorios .-
among these simplicity, ready elimination of the dust effect, tho
possibility of working with small surface areas, etec.

6. Yhen a gas buﬁble 1s pressed quickly against a solid surface, a
wetting film of nonuniform thiekness corresponding to a state of non-
equilibrium is formed. The film grows thinner toward the edges.

7. If pressure is applied slowly, a film of uniform thickness
corresponding to a state of equilibrium willl form after some lapse of
time.

8. The film thickness 1s a decreasing function of pressure exerted
upon the film by the gas contained in the bubble.

9. The above method was used to derive equatiqns of state P = p(h)
for a water film on glass and mica, and for a film of vaseline 01l on
steel.

10. When pressure P is of the order of 500 dynes/cm®, the f1lm has a

-5 to 3-10'S em. The surface effect 1s thus seen

thickness of about 10
to penetrates into the adjacent liquid layer, to a depth of many mole-
cular layers. This contradicts some of the views frequently voiced in
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the literature.

11. Addition of KCl to water, evén in normal concentration, does
not affect the thickness of a solvate layer. This indicates that the
dis joining action cannot be identified solely with the mutual repulsion
of diffuse ion sheaths on both surfases of tho-soivato film.

12. Trivalent cations such as A}013 ;xert a strong desolvating
action, whereby the wetting film thi&kness is reduced to an.oxtromoly
small value and complete wetting is 1limited to an incomplete process.
(contact angle, 2-3°).

13. Addition of oleic acid to vaseline 01l increases the thickness
of an oil film on steel to several times its oriéinal value. Thus,
direct experimentation confirms the hypothesis advanced basck in 1933
by B. Deryagin, who believed that adsorption layers influence both the
thickness and dis joining action of solvate layers, thereby intensifying
solvation. .

1L. A simple mathematic conversion makes 1t possible to express the
disjoining action exerted by a uniformly thick layer of the disperse
phase in terms of r and the function P(h). In thls case the dispersion
medium separates two adjacent'sﬁherical particles, or radius r (not
excessively small). Function P(h) expresses the cleaving action of a
layer having uniform thickness. The force of repulsion acting between
particles that are not too small was found to be directly proportional
to their radlus.

15. A mathematical theory of slow coagulation related to stability
of colloids and dispersoids was developed, based on the squation for
the interaction of adjacent particles. According to this theory,
stability is determined by the disjoining action, since the latter
causes the emergence of an energy barrier which hinders the contact
and adhesion of particles.

6=



16, Substitution of experimental values into theoretical expressions
derived by the authors reveals that the proposed concept of disjolining
action offers an adequate quantitative interpretation of the factors
determining the stability of collodis and dispersoids. The theory is
consistent with experimental results obtained for particles whose
radius 1is greater than 10-5 cm, but cannot be applied to particlei of
leaser size. (see Paragraph 1k).

17.'Tho proposed theory accounts for the effect of adsorption
layers - the third component - on the stability of colloids. These
layers are'shown to intensify the disjoining action of diffuse solvate
lhyers, thus influencing stability. The mechanism underlying the action
of adsoprtion layers, as nggested back in 1933 by B. Deryagin, olari-
fies the influence of adsorption layers on the stability of suspensions
investigated by P. Rebinder and coworkers. It accounts, furthermore,
for a number of other effects exhibited by surface-active susbstances
(adsorptive lowering of ﬁardness, investigated by the same authors;
the lubricating ofre;:t, ete.).

We wish to extend our thanks to V.P. Lazarev, member of the
laboratory staff, and to the head laboratory assistant L.S. Lebedeva,
for the assistance rendered us in carrying out the measurements.
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FOOTNOTES

1. Reported at the Conference of the Chemistry Group, Academy of Scien-
ces USSR, on lyophilic colloids, May 9, 1937.

2. Previous reports: 1. B, Deryagin. Zhurnal fizicheskoy khimii, 3,
29 (1932); Zs. f. Phys., 34, 657 (1933); II. B. Deryagin. Zhurnal
flzicheskoy khimii, 5, 379 (1934); Phys. Zs. d. Sowietunion, 4, 431
(1933); III. B. Deryagin and E. Obukhov. Zhurnal kolloidnoy khimii,
1, 385 (1935); Acta Physicochemica URSS, 5, 1 (1936); 1IV. B. Derya-
gin and M. Kusgkov. Izvestiya Akademii Nauk SSSR, Seriya klmicheskaya,
741 (1936).

3. The above assumption, if accepted, would 1limit considerably the
general applicability of the theory, since it leaves out of considerat-
ion that the energy of interaction between two molecules may also
depend on their orientation. (This is especially clear in' the case of
dipole molecules). Such orientation is influenced by other molecules,
particularly the neighboring ones. The existence of distinct molecule
orientation patterns has been proven, and shown to ba a major factod

in the ¢is joining action. A portion of the free energy possessed by a
two-micelle system depends on the diffuse lonic layera, and cennot be
estimated by the Laplace-Gauss method. For this reason, the subsequent
discussion will not be in any way restricted to such conditions as are
imposed by this assumption. Its purpose was merely to demonstrate that
a relationship exlsts between the disjoining actlon and the Iintensity
of interaction of the solvating with the solvated phases. :

ly. Studies on a wetting film were also conducted by Academician A.N.
Frumkin and coworkers (Ref. 11), but in their case 1t was a film formed
between a hydrogen bubble and mercury. The thicknesses were not measu-
red directly, but were determined by an interesting indirect method.

The main distinctlion between these experiments and ours consisted
in the following. Our studies were concerned principally with the
equation of state for a wetting film - 1,e., with the disjolning effect
as a function of thickness (under conditions of complete wetting). A.N.
Frumkin and coworkers, on the other hand, were interested mainly in
the thickness of the wetting film and the contact angle formed by the
bubble, under conditions of incomplets wetting. Their data were obtal-
ned for varying values of mercury polarization, irrespective of the
pressure within the bubble.

It might be added that the thicknesses obtained for a water film on
mercury were considerably lower than in our studies, reaching a value
of 10 mM only in cases of strong mercury polarization. This is under-
standable, since the nature of a mercury surface is quite different
from that of hydrophilic mica, or glass. The need for strong polariza-
tion suggests further that the nature of phenomena subjected to inves-
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tigation was not identical in the two cases.

5. Such a study was underteken by one of us, in collaboration with
L.N. Bronstein, at the All-Union Instituto for Experimental Modicino,
Department of Bilophysics. '

6. Thus, the objection raised by Professor S.M. Lipatov during a dis-
cussion of our repbrt is fully refuted. In the opinion of Professor
Lipatov, the validity of results obtained in this typo of experiments
on 30l1id surfaces may be questioned in all cases,

7. See the report by B. Deryagin, published in this 1ssue.

8. Theoretical caloulations, in this and the following sections, havo
been performed by B. Deryagin.

9. Prom eq. (15) it is seen that function F(h) indicates the extent of
deviation from additivity, for surface energies possessed by separat-
ion surfaces bounding a thin liquid layer.

10. The radius of surface molecular action will be taken to mean that
thickness of the layer which, 1f exceeded, will render F(h) and P(h)
negligibly small.

11. More exactly, the additional free energy possessed by the liquid
layer separating these spheres.
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